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Abstract

Common bean (Phaseolus vulgarisL.) is an important food legume. Fusarium wilt caused by Fusarium
oxysporum f. sp. phaseoliis one of the most serious soil-born diseases of common bean found
throughout the world and affects the yield and quality of the crop. Few sources of Fusarium wilt
resistance exist in legumes and most are of quantitative inheritance. In this study, we have identified a
methyl salicylate esterase (MES), PvMEST, that contributes to plant defense response by regulating the
salicylic acid (SA) mediated signaling pathway in response to Fusarium wilt in common beans. The result
showed the role of PvMEST in regulating SA levels in common bean and thus the SA signaling pathway
and defense response mechanism in the plant. Overexpression of the PvMEST gene enhanced Fusarium
wilt resistance; while silencing of the gene caused susceptibility to the diseases. RNA-seq analysis with
these transiently modified plants showed that genes related to SA level changes included the following
gene ontologies: a) interaction between host and pathogen; b) phenylpropanoid synthesis; and c) sugar
metabolism as well as others. These key signal elements activated the defense response pathway in
common bean to Fusarium wilt. Collectively, our findings indicate that PvMES1 plays a pivotal role in
regulating SA biosynthesis and signaling, and increasing Fusarium wilt resistance in common bean, thus
providing novel insight into the practical applications of both SA and MES genes and pathways they
contribiute to for developing elite crop varieties with enhanced broad-spectrum resistance to this critical
disease.

Introduction

Common bean (Phaseolus vulgaris L.) is major source of fiber, minerals, and protein to the diet with food
calories and amino acids of legumes being second in importance only to cereals and animal sources
(Blair et al. 2012&2016). Bean seeds are also nutraceutically important for humans (Sudrez-Martinez et
al. 2016). Common bean is a species that is plagued by many plant diseases especially those caused by
fungal pathogens (Schwartz and Hall 2005). A major fungal disease of common bean is Fusarium wilt,
avascular disease of great economic importance globally and in various crops, which in P vulgarisis
caused by Fusarium oxysporumf. sp. phaseoli (Fop). The pathogen has been found and identified in
most of the bean-growing regions of the world and causes significant yield losse specially in wet
highland environments or intensively cropped lands without adequate rotation (Buruchara and Camacho
2000).

Plants have evolved diverse mechanisms to resist the microorganism infestations. Plants triggers the
activation of local defenses at the infection sites that lead to a secondary immune response termed
systemic acquired resistance (SAR) in distal tissues (Fu and Dong 2013; Zhou and Zhang 2020). To date,
a few molecules have been proposed as mobile signals leading to SAR (Dempsey and Klessig 2012;
Klessig et al. 2018). Salicylic acid (SA) is considered as a classical phytohormone with critical roles in
both local defense and SAR (Viot et al. 2009; Zhang and Li 2019; Ding and Ding 2020). It demonstrated
that SA accumulation is required for the establishment of resistance in both local and systemic tissues
and exogenous SA was also indicated to play a role as an internal defense signal for plant immunity (Fu
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and Dong 2013; Varanasi and Talati 2014). SA has also been shown to contribute to shaping the
microbial populations associated with the plant roots and lead to enhanced plant fifitness in response to
threats from pathogens (Lebeis et al. 2015). These have been shown to be the case in Fusarium wilt
interactions with common bean as well (Xue et al. 2014). Thus, the roles of SA as a defense hormone
have been greatly expanded.

Salicylic acid-binding protein 2 (SABP2) has an esterase activity that mediates hydrolysis of methyl
salicylate (MeSA) to SA. It appears to be an essential enzyme for the SAR response in many plant
species, working by releasing a long-distance signal required in phloem tissues that results in defense
responses in infected plants of Arabidopsis thaliana, tobacco and potato. Transgenic tobacco plants with
silenced SABPZ2 gene that are infected with TMV are compromised in their ability to develop SAR (Kumar
and Klessig 2003). By contrast, SA synthesized by SABP2 in tobacco plants is essential for
transcomplementing the loss of SAR development in SABPZ-silenced plants (Kumar et al. 2006). In
Arabidopsis, three orthologs of tobacco SABP2 expressed in SABP2-silenced tobacco plants complement
for SAR deficiency (Vlot et al. 2008). The potato plants with suppressed activity of tobacco SABP2
ortholog (StMEST) compromised SAR against the challenge of Phytophthora infestans (Manosalva et al.
2010).

Our goal for this study was to determine the roles of SABP2 and MeSA in the SA mediated resistance
pathway and defense mechanism of the common bean — Fusarium wilt pathosystem. Previously, we
cloned seven orthologous genes of tobacco NtSABP2 genes in common bean (Xue et al. 2018). However,
it was not very clear whether the orthologs of SABP2 proteins in common bean functioned in defense
responses. Therefore, in the current study, we analyzed one of the orthologs responsed to Fop infection
most dramatically, named Phaseolus vulgaris methyl esterase 1 (PvMEST), to assess its role in the SA
mediated resistance signaling pathway against Fusarium wilt. After cloning of the entire gene, our
specific objectives were to determine the biological/physiological significance of the PvMEST gene and
transcript encoding product in the disease pathosystem by analyzing 1) in vitro esterase activity of the
enzyme; 2) function when overexpressed; 3) results when gene silenced; and 4) transcriptome profiling of
differentially expressed genes (DEGs) between control and PvMEST overexpressed/silenced plants.

Materials And Methods
Materials and growth conditions

Common bean genotypes BRB130 (Fusarium wilt susceptible) and CAAS260205 (Fusarium wilt resistant)
were obtained from the Institute of Crop Sciences of the Chinese Academy of Agricultural Sciences
(CAAS) in Beijing, China (Xue et al. 2015). Ten-day-old greenhouse grown plants were used for the varying
treatments at the fully-expanded, ‘cotyledonary’ leaf, seedling, growth stage. Treatments included 1)
control with no applications; 2) infection by an aggressive F. oxysporum f. sp. phaseoliisolate, FOP-
DMO1 (Fop) at a density of 5.0x10° colony forming units, cfu g~ at 12 d after inoculation with the bean
pod mottle virus (BPMV)-derived vectors or leaf extracts challenged by vectors; or 3) spraying of the
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leaves for five consecutive days with 2 mM salicylic acid (SA) diluted in Tween 20 (0.02 % v/v) using
previous described methods (Xue et al. 2014). The three plants for each treatment and each time point
were fertilized every week from then on. The plants were grown in a greenhouse maintained at
approximately 22-28°C. All treatments were grown in the same greenhouse with normal daylight with
supplemental lighting for a total of 14 days. Root tissues were harvested at 0, 24, 48, 72, 96 and 120
hours post inoculation (hpi) in the case of Fop treatment and with an additional 6 hours collection for SA
treatment.

RNA extraction and quantitative real-time PCR analysis

Total RNAs were extracted from root samples of the treatments described above using TRIzol reagent
followed by DNAse treatment (Tiangen, China). These were quantified by Nanodrop 2000
spectrophotometer and qualified by running in a gel electrophoresis unit. A total of 200 ng of RNA was
then used to synthesize cDNA and subsequently used as a template for PCR and quantitative real-time
PCR (qRT-PCR) analysis using a reverse transcription kit (Tiangen) according to manufacturer's protocol.
Expression analysis was performed using a qTOWER 2.2 Real-time PCR system (Analytikjena, Germany)
with three biological replicates and the actin gene as an internal control to standardize the data (Chen et
al. 2009). Threshold values (CT) were used to quantify relative gene expression followed by the
comparative 2722CT method (Livak and Schmittgen 2001). Primers used in this study are listed in Table
S2.

PVMES1 gene cloning and bioinformatic analysis

Gene-specific primers (MES-F1/MES-R1) were used to amplify the full-length gene both from a cDNA
source and for the full-length genomic (JDNA) copy of the PvMES gene from common bean, P, vulgaris.
The cDNA and gDNA amplified fragments were cloned into a pMD18-T vector and sequenced. The PCR
products were sequenced with an ABI3730xI DNA analyzer using standard techniques and consumables
by the Sanger method. Sequence homology and gene identity was determined using BLAST software
(Altschul et al. 1990) and the nucleotide database at NCBI (www.ncbi.nlm.nih.gov). Other MES protein
sequences from different plants were downloaded from Genbank and compared with the PvMES1
sequence. Bioinformatic analysis of PvMEST gene included the following aspects: number of amino
acids (NA), molecular weight (MW), and isoelectric points (pl) predicted using the protein/peptide
characterization tool ProtParam provided on the ExPASy (Expert Protein Analysis System) proteomics
server of the Swiss Institute of Bioinformatics (http://www.expasy.org/tools/protparam.html). The signal
peptide and subcellular localization were predicted by iPSORT (http://ipsort.hgc.jp/), and WoLF PSORT
(https://www.genscript.com/wolf-psort.html) programs, respectively. The three-dimensional structure of
the protein was constructed using the Swiss-model Workspace Package (http://swissmodel.expasy.org/)
and confirmed with PyMol software (http://www.pymol.org).

Protein expression and activity assay

The PvMEST gene was also cloned into an expression vector, pET28A, and this construct was used to

transform E.coli BL21(DE3) for protein expression. The resulting 6xHis-tagged recombinant protein was
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purified using Ni Sepharose™® Fast flow columns (GE Healthcare) following the manufacturer's
instructions. The purified protein concentration was determined using the BCA protein assay kit (Pierce,
Rockford, IL). MeSA esterase activity was measured by a two-step radiochemical esterase assay using
0.5ug of purified PvMES1 transcripts encoding product incubated with MeSA as the substrate (Forouhar
et al. 2005).

SA quantification

To evaluate MeSA conversion to SA, all root samples were extracted and quantified, then analyzed
automatically on a Wakopak LC 2010A reversed-phase HPLC with C18 analytical column (PTH 250x4.6
mm) from Wakosil (Wako Inc., Osaka, Japan) using our previously described method (Xue et al. 2014).

Fungal quantification

For quantification of bean root pathogen colonization, total genomic DNA was extracted directly from
500 mg of fresh plant root tissues using a Tiangen Plant Genomic DNA kit (Tiangen Inc., Beijing, China)
as described by the manufacturer. The primer pair QFopA/QFopB reported by Xue et al. (2014) was used
for amplification and quantification of pathogen DNA, and the reaction conditions were adjusted
experimentally to optimize the PCR protocol.

Measurement of pathogen defense-related factors

A series of pathogen induced pathways were measured based on activity of key enzymes:
Phenylalanineammonialyase (PAL) activity was assayed following an established method (Assis et al.
2001), with some modifications; Peroxidase (POD) activity was assayed according to a previous method
as well (Do et al. 2003); Superoxide dismutase (SOD) activity and malondialdehyde (MDA) content were
assayed following the method (Zhang et al. 2019). Total hydrogen peroxide (H,0,) content was
measured according to Sagisaka (1976), with a few modifications: namely, absorbance of the
supernatant was measured at 480 nm after 12,000 rpm spin of the reaction mixture in an E5804
centrifuge (Eppendorf, Germany).

Carbohydrate, phenolics and lignin analysis

Samples of approximately 0.5 g of roots each were subject to extraction for 30 min with 10 ml of an
ethanol/watermixture (80:20, v/v) used as a high temperature (80°C) extraction solvent. The solution
was filtered and evaporated to dryness under nitrogen, with an aliquot of the filtrate redissolved in 0.5 ml
of 0.1 mM ethylenediaminetetraacetic acid calcium disodiumsalt (CaEDTA) solution and filtered through
a 0.45 pm Milipore filter before being used for carbohydrate analysis. Glucose, fructose and sucrose were
estimated enzymatically as described (Morkunas et al. 2005), and starch was measured by the method
(Fredeen et al. 1989). Total phenolic and lignin content was measured as previously described (Velioglu
et al. 1998; Syros et al. 2004).

Preparation of gene silencing and overexpression
constructs, infectious clones from transcription
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An in planta gene silencing vector was prepared using a 501-bp DNA fragment amplified from the
PvMEST cDNA clone using sequence-specific primers (MESvigs-F/R) with the BamH! and Clal restriction
sites. Simultaneously, a PvMEST overexpression vector for the same BPMV system was made using the
open reading frame (ORF) fragment amplified from the PvMEST cDNA clone by the primer pair OEMES-
F/R with the same restriction enzymes. The amplified PCR products were gel purified and digested with
BamH and Clal and subcloned into pG7R2V previously digested with the same restriction enzymes
resulting in silencing and overexpression vectors, pG7R2V-501 and pG7R2V-PvMEST, respectively. The
empty vector plasmid pG7R2V was digested by Mscd and then set aside to use as a control in both
inoculations. All vectors were further verified by Sanger sequencing.

In vitro transcription was conducted with the plasmid constructs above using RiboMAX™ Large Scale
RNA Production Systems Kit (Promega, Madison, WI, USA) following the manufacturer’s instructions.
Yield and integrity of the transcripts were analyzed by electrophoresis on a 1.0% agarose gel.

BPMV-derived vectors used for inoculation

The pG7R2V-501 and pG7R2V-PvMEST RNAs were separately expressed and used as RNA2 transcripts in
combination with RNA1 from the infectious BPMV viral strain Kentucky-Hopkins (K-Hop). These
combinations were used for inoculation of common bean seedlings planted in a greenhouse in
Shenyang, Liaoning province at Liaoning Academy of Agricultural Sciences (LAAS). Inoculation was done
on the primary leaves by rubbing with a sponge/carborundum. However, specially for gene
overexpression analysis, leaf extracts prepared from plants infected with empty vector and pG7R2V-
PvMEST vector by the method above were used to treat the primary leaves of ten-days-old plants as
control and treatment (Diaz Camino et al. 2011). The wild type plants were also used as controls of both
analysis.

Transcriptome sequencing

RNA-seq experiments for transcriptome sequencing were designed with the infected plants described
above, consisting of infection of ten-day-old seedlings in all cases. Treatments consisted of seedlings
infected with pG7R2V-PvMEST(overexpression) labeled by O-PvMEST and with pG7R2V-501 (gene
silencing) labeled by S-PvMEST. The seedlings treated with leaf extracts from plants infected with empty
vector were used as the control of O-PvMEST named by E-BPMV1, and plants treated with the empty
pG7R2V vector were used as the control of S-PvMEST named by E-BPMV2. The wild type plants were also
used as controls for both treatments. Root tissues were collected at 12d (0 d post inoculation with Fop)
and 15 d (3 d post inoculation with Fop) after inoculation by the BPMV-derived vectors. Each treatment
and control was designed with three biological replicates (8 seedlings each). The libraries were made with
indices for identification, then sequenced using an IllluminaHiSeq 2500 at BioMarker Technologies.

Bioinformatics data analysis

The statistical analysis of the RNA-seq data was performed by means of two-way ANOVA for the factors
of genotype (empty BPMV control versus PvMEST overexpression versus PvMEST silencing) and
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pathogen infection (non-infected control versus 5.0x10° cfu g~ ' Fop inoculation). In detail, this involved
cleaning reads and mapping them to the genome after examining sequence quality and removing low-
quality sequence using Tophat v. 2.0.1. We compared our sequences to those of the common bean
genome (Phaseolus vulgaris L, 2n = 22) from Phytozome v12.1
(https://phytozome.jgi.doe.gov/pz/portal.html). The transcriptome assemblies were performed for each
library by Cufflinks (Trapnellet al., 2012). To estimate the read count of each gene in each library, the
mapping results were filtered to maintain only uniquely mapped reads before being being piped into
Cuffdiff (http://cole-trapnelllab.github.io/cufflinks/). The fragments per kilobase of exon per
millionfragments mapped (FPKM) value was calculated using the internal script of the count table based
on Cuffdiff's output. DESeq was used to detect DEGs according to Anders and Huber (2010). The
thresholds to identify DEGs and the corrected Pvalues from this method accounted for multiple tests by
using the key factor, which was based on a false discovery rate (FDR) <0.01 and fold change >2 or<0.5.
The assembled sequences were compared with the nonredundant database (NR, Deng et al. 2006) from
NCBI, the Swiss-Prot database (Apweiler et al. 2004), the GO database (Ashburner et al. 2000), the
Clusters of Orthologous Group database (COG, Tatusov et al. 2000) and the Kyoto Encyclopedia of Genes
and Genomes database (KEGG, Kanehisa et al. 2004). Fold changes in the expression levels between
samples were used as the criteria in the screening process.

Results

Cloning and characterization of the PYMES1 gene

Previous study indicated seven SABP2’s putative orthologs were found and designated as PvMES1-
PVMES7 in common bean, all with strong sequence homology to NtSABP2 (Table S1). The members of
the PvMES gene family can be divided into three subfamilies according to the genetic relationship with
the NtSABP2 (Figure S1). The expression level of seven PvMES genes in susceptible varieties BRB130
and resistant varieties CAAS260205 infected by Fop was detected by qRT-PCR (Xue et al. 2018). The
results showed that the expression of PvMEST was significantly upregulated at 3 dpi, with most
significant increase of 5.6 folds in CAAS260205. Thus PvMEST gene was selected for this study to
continued all our work. The genetic locus for PvMEST was found at Phvul.003G248200.1 located from bp
position 48,561,200 to 48,564,505 on Chromosome 3, with 59.2% sequence identity with NtSABP2 (Table
S1).

The PvMEST gene was found to contain three exons and two introns (Fig. 1a). The original cDNA clone
indicated that the mature mRNA sequence contained a single ORF of 834 bp encoding a 277-aa
extracellularly secreted protein with a calculated molecular mass of 30.99 kDa and a putative 22 amino
acid signal peptide highlighted in red (Fig. 1b). The protein also contained a catalytic triad (Ser102,
His227, and Asp255) that formed part of the active site pocket (Fig. 1c, highlighted in orange and red),
also highly conserved among other NtSABP2 orthologs from Arabidopsis (AtMESs, Vlot et al. 2008) and
potato (StMES1, Manosalva et al. 2010). Finally, PvMES1 contained 14 of the 15 aa identified in
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NtSABP2 that interact with SA (Fig. 1b and c, highlighted in yellow and orange), suggested that these two
proteins have similar biological functions and biochemical properties.

A full-length gene with a sequence length of 973bp was cloned from the common bean genotype
CAAS260205 infected by Fop using RT-PCR method and sequenced (Figure S2). Comparison of the
973bp sequence with non-redundant (nr) sequences in the GenBank nucleotide database indicated that
the cDNA fragment isolated was a member of SABPZ2 gene family, named and deposited in the database
as PvMEST (Genbank accession no. MT471345). The 3265 bp full-length genomic (gDNA) fragment was
also obtained which contained a 3182 bp gene sequence (Figure S2).

Phenotypic and PvMES1 gene expression differences under Fop infection

To further analyze the biological role of the PvMEST gene we evaluated its expression in contrasting
Fusarium wilt susceptible and resistant genotypes. Notable phenotypic differences between BRB130 and
CAAS260205 symptomatology were found when infected with Fop (Figure S3). We followed this
phenotypic characterization with a time course study to evaluate the expression of PvMEST under Fop
infection and SA treatments using qRT-PCR and relative expression compared to controls. We found that
the transcription of PvMEST in the infected but resistant CAAS260205 roots was strongly and rapidly
induced by Fop infection especially at 48 and 72 hpi (Fig. 1d). In response to SA treatment, PYMEST
expression was repressed over the period from 24 to 72 hpi in both genotypes and then gradually
recovered to the original expression level when CAAS26025 had higher SA induced expression of the gene

(Fig. 1e).

PVvMES1 displays SA-inhibited MeSA esterase activity

To determine the biochemical properties of PvMEST, its corresponding full-length cDNA was expressed in
Escherichia coli, the protein affinity purified, and analyzed for MeSA esterase activity. The results showed
that the C-terminal Hisx6-tagged PYMES1 transcript encoding product was successfully expressed and
found isolated to an inclusion body. Dissolved in an 8 M urea solution, it electrophoresed well and was
estimated to have a molecular weight of 30 kDa (Fig. 1f). Purified PvMEST transcript product readily
converted MeSA to SA. Simultaneously, we also tested the transcript product in a SA-binding assay and
found that PvMEST transcript encoding product reproducibly bound SA, and that the esterase activity was
dramatically inhibited by SA when an LCs, reached approximately 6.2 uM (Fig. 1g).

Overexpression and silencing of PvMES1 gene in roots mediated by BPMV-based method

The transcript product mixture of recombinant the pG7R2V constructs (pG7R2V-PvMEST for
overexpression and pG7R2V-501 for silencing, respectively) and pGHopR1 containing RNA1 from BPMV
were inoculated as infective virus onto the fully expanded unifoliate leaves of plants which would be later
infected by Fop at 12 dpi after inoculation with the virus. The difference in disease phenotype between
the wild type (WT) plants, E-BPMV1 controls and PvMEST-overexpressed plants was even more
noticeable at 4 weeks post inoculation with Fop (Fig. 2a, upper portion). Similarily, the typical stem
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browning and leaf yellowing phenotype of PvMEST-silenced plants appeared earlier than WT and its E-
BPMV?2 control, even at 2 weeks after Fop infection, PvMEST-silenced plants almostly withered away,
while Fusarium wilt symptoms just occurred on the control seedlings of WT and E-BPMV2 obviously

(Fig. 2a, lower portion). Disease scores were significantly different (P<0.05) in treatments versus controls
(Fig. 2b).

The qRT-PCR results indicated that fungal pathogen DNA provided evidence for the level of Fop infection
and was significantly lower (P<0.05) in roots of PvMEST-overexpressed plants compared to control roots
at 18 dpi, but higher in the PvMEST-silenced plant roots than the control (Fig. 2c). Gene expression
analysis showed levels in the PvMEST-overexpressed plants were significantly higher than control at 6 dpi
with the BPMV vector and continued to increase up to a 13.6-fold difference at 18 dpi by BPMV (6 dpi by
Fop) (Fig. 2d, upper portion). The PvMEST-silenced plants had lower gene expression every day of
measurement during dual fungal and viral infection, which reduced with 0.51-fold difference compared to
control at the final time point (Fig. 2d, lower portion). Similar patterns were seen with MeSA esterase
activity and SA accumulation. The MeSA esterase activity of PvMEST-overexpressed plants increased
dramatically during the infection with BPMV, especially inoculated with Fop pathogen, reaching a
maximum of 0.43 nmol/min/ug at 18 dpi with BPMV (Fig. 2e, upper portion), and only 0.024 nmol/min/
g in the silenced plants at the same time point (Fig. 2e, lower portion). Correspondingly, SA
accumulation in PvMEST-overexpressed plants constantly increased with BPMV inoculation, especially
after infection by Fop, which almost double that of control at 18 dpi with BPMV (Fig. 2f, upper portion). In
PvMEST-silenced plants, the SA level significantly decreased sharply declined after 12 dpi with BPMV
(Fig. 2f, lower portion). These results strengthened the hypothesis that PvMEST gene played a vital role in
the resistance against Fusarium wilt through the level regulation of the active free SA in common beans.

Transcriptome profiling of PvMES1-regulated genes in Fop infected bean roots

To comprehensively understand the effects of PvMEST on the resistance to Fusarium wilt in common
beans, we performed RNA-seq experiments and compared the transcriptome profiles: 1) PvMEST-
overexpressed DEGs versus Fop infected DEGs versus both PvMEST-overexpressed and Fop infected
DEGs (Fig. 3a); 2) PvMEST-silenced DEGs versus Fop infected DEGs versus both PvMEST-silenced and
Fop infected DEGs (Fig. 4a). The transcriptome sequencing results of WT plants have no significant
difference from E-BPMV1 and E-BPMV2 (Data not shown), thus we respectively selected E-BPMV1 and E-
BPMV?2 as controls of gene overexpression and silencing for the transcriptome analysis. The numbers of
total reads, mapped reads, and the percentage of mapped reads in each replicate are shown in Figure S4.
Principal component analyses showed that both Fop attack and PvMEST-regulation profoundly
influenced the transcriptome results (Figure S5).

The number of DEGs was 1123 in O-PvMEST(-Fop) versus E-BPMV1 (-Fop), with 506 upand 617
downregulated genes, while the DEGs in E-BPMV1 (+ Fop) versus E-BPMV1 (-Fop) included 2072 with 798
upregulated and 1274 downregulated genes (Fig. 3b; Data S1). Comparing O-PvMEST (+ Fop) versus E-
BPMV1(-Fop) resulted in 2330 DEGs (663 up and 1667 down-regulated genes) of which 1463 (386 up
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and 1077 down) were affected by the pathogen. Many of these pathogen-induced genes (70.6%) were
also regulated by PvMEST in the gene overexpression experiment (Fig. 3b). In the interaction, 589 DEGs
(173 up and 416 down-regulated) were affected by PvMEST overexpression. Among the upregulated
pathogen-induced DEGs, 93.3% (360 of 386) of the genes were upregulated by both pathogen and
PVMES1. Almost all the genes downregulated by pathogen (1074 of 1077; 99.7%) were also decreased by
PvMEST (Fig. 3c, d).

In the gene silencing comparision, theb number of DEGs was 955 in S-PvMEST (-Fop) versus E-BPMV?2 (-
Fop), with 222 upregulated and 733 downregulated genes. The DEGs in E-BPMV2 (+ Fop) versus E-
BPMV?2 (-Fop) were 2400 (737 up and 1663 down-regulated). In the comparison of S-PvMEST (+ Fop)
versus E-BPMV?2 (-Fop) there were 2468 DEGs of which 918 were upregulated and 1550 were
downregulated (Fig. 4b; Data S2). Among the PvMEST-silenced and pathogen-induced genes, 1557 were
regulated by the fungal pathogen, 64.9% of the total; and among these 487 were upregulated and 1070
were downregulated. Interestingly, 99.8% (486 of 487) of the genes upregulated by the fungal pathogen
were also upregulated by PvMEST. Conversely, 97.8% (1046 of 1070) of the genes that were down-
regulated by the fungal pathogen were also down-regulated by PvMEST (Fig. 4c,d).

GO analysis indicated that genes regulated by Fop and PvMEST are enriched in three categories of
biological process, cellular component and molecular function (Figure S6). KEGG analysis of the genes in
the interaction term indicated that DEGs induced by both affects are enriched in pathways related to
phenylpropanoid biosynthesis, starch and sucrose metabolism, plant hormone signal transduction, plant-
pathogen interaction confirming that PvMEST plays a key role in orchestrating the transcription of
pathogen-induced genes (Figure S7).

Phenylpropanoid pathway-related genes upregulation
promotes lignin biosynthesis

A subset of genes participating in multiple branches of the phenylpropanoid pathway, including lignins,
flavonoids, and cinnamaldehyde, were identified based on RNA-seq analysis (Fig. 5a). All of the enzymes
indicated with red boxes were significantly upregulated by the enhanced SA biosynthesis induced by
PvMEST overexpression. When PvMEST was silenced, the DEGs in red boxes are those downregulated
both before and after Fop inoculation. Enzymes such as 4-coumarate—CoA ligase, cinnamoyl|-CoA
reductase, mannitol dehydrogenase and peroxidase were upregulated in O-PvMEST but downregulated in
S-PvMEST versus control with or without Fop inoculation shown in a heatmap with log, FPKM (Fig. 5b;
Data S3). The result was further verificated by gqRT-PCR analysis (Fig. 5¢). Pathogen defense-related
indices such as PAL, SOD, POD activity, H,0, contents, total phenolic and lignin contents were
significantly higher in the PvMEST-overexpressed, and lower in the PvMEST-silenced plants compared to
the controls after 72 h post inoculation with Fop, but MDA contrastly changed (Figure S8).

Sugar metabolism pathway modulating defense response
to Fusarium wilt
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Several branches of amino sugar and nucleotide sugar metabolism, starch and sucrose metabolism
pathways showed DEGs regulated by PvMEST expression changes. Those which were significantly
upregulated by SA enhancement were marked with the red boxes while downregulated genes were
marked in blue boxes (Fig. 6a,b). The production of sugar molecular such as glucose, fructose, sucrose
and their phosphorylated derivatives as defense signalling factors were indicated to be affected by the
pathosystem and promoted by the upregulation of relevant enzymes. Cellulose and pectinas the essential
components for cell wall reinforcement upon fungal infection were also regulated by PvMEST expression
degree change. Digital transcriptome expression analysis of sugar metabolism DEGs were shown in a
heatmap with log, FPKM values (Fig. 6¢c; Data S4). The qRT-PCR results showed that ten key genes in the
sugar metabolism pathway were significantly upregulated by overexpressing PvMEST and downregulated
by silencing PvMEST (Fig. 6d). We also analyzed sugar content in the roots of controls and treatment
plants infected by Fop. Glucose, fructose, sucrose and starch concentration in the roots of beans were
increased by PvMEST overexpression, but declined during PvMEST silencing compared with each
corresponding control after 24 h post inoculation with Fop (Figure S9).

Expression of hormone signaling-related genes

Selected hormone signaling-related genes encoding receptors and response factors, identified from KEGG
pathway analysis, were shown to be affected by PvMEST levels (Fig. 7a, Data S5). SA response factors
TGA and PR-1 were upregulated in Fop-inoculated roots of common bean by PvMEST overexpression and
downregulated by PvMEST silencing, These results indicated the change of SA level had a closed
relationship with PvMEST expression degree. Meanwhile, JAZ and MYC2 from jasmonic acid (JA)
mediated signaling, and AUX1, AUX/IAA from auxin mediated signaling were significantly repressed by
PvMEST overexpression and induced to high expression levels by PvMEST silencing with or without Fop,
whereas, ARF and GH3 were activated. The response factors from other selected plant hormone have no
obvious connection with the defense response to Fop mediated by SA in common beans. The expression
levels of the selected hormone signaling-related genes were analyzed by qRT-PCR (Fig. 7b).

Interaction mechanism regulating the oxidative burst and
calcium transporting

To investigate whether the PvMEST had a role in oxidative burst or calcium transport based Fop
resistance in common bean, we evaluated genes from the host-pathogen interaction signaling pathway
found in KEGG (Fig. 8a, Data S6). The result showed that a calcium-dependent protein kinase
(Phvul.001G135300) was upregulated by PvMEST overexpression, but downregulated in PYMEST-
silenced plants after Fop infection, We also did see the upregulations of a pair of respiratory burst
oxidases (Phvul.002G293700, Phvul.006G090200) with PvMEST gene overexpression. In contrast, two
cyclic nucleotide-gated ion channels (Phvul.008G036200, Phvul.010G113100), calmodulin
(Phvul.001G155400) and calcium-binding protein (Phvul.001G095600) were repressed in O-PvMES1T, and
activated significantly in S-PvMEST post inoculation with Fop. The expression level of selected DEGs in
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the interaction pathway were identified through the heatmap analysis based on log,FPKM values
(Fig. 8b).

Activation of a PvMES1-mediated defense signaling pathway in common bean confers resistance to
Fusarium wilt

To better understand how PvMEST-mediated Fop resistance is regulated, we performed RNA-seq to
examine the expression of 17,037 genes in the controls, PvMEST-overexpressed and -silenced plants
(Fig. 9a; Figure S7; Data S7). Further comparisons of the RNA-seq data of O-PvMES17, S-PvMEST and
control plants at 72 hpi (FDR-adjusted Pvalue<0.01) revealed 1,450 DEGs. Compared to the control E-
BPMV1, 228 upregulated and 550 downregulated genes were identified in O-PvMEST, whereas 590
upregulated and 442 downregulated genes were identified in S-PvMEST compared with control E-BPMV2.
Inaddition, 116 genes were upregulated in O-PvMEST, but downregulated in S-PvMEST, and 145 genes
were downregulated in O-PvMEST, but upregulated in S-PvMEST after infection with Fop (Fig. 9b).
Therefore, these 261 genes were regulated in an opposite manner in the overexpression and silencing
lines of PvMEST. Selected DEGs involved in the signaling transduction, transcription factors, defense
metabolism and sugar transportion were regulated in PvMEST-mediated resistance of common beans
towards Fop (Fig. 9c-f).

Discussion

Our major results were to find that SA and the newly characterized gene producing it, PYMEST, played key
roles in the interaction between Fop, an important fungal pathogen of the common bean and its host
plant. PvMES1 displayed SA-inhibitable MeSA esterase activity in vitro similar to NtSABP2 and StMES1,
AtMES1, AtMES4, AtMESO9. The effective gene overexpression and silencing methods based on BPMV-
derived vector were utilized to identify the biological function of PvMEST gene. Thus, it proved that MeSA
and SA participated in a key pathway for defense signaling in common bean.

SAis a signaling molecule naturally found in plants and shown to be involved in various plant defense-
related actions against infection by various pathogens. White and his colleague firstly reported that
salicylates as disease resistance-inducing chemicals (White 1979; Antoniw and White 1980). The
methylated form of SA (MeSA) can be found in various plants, its role as an alternative inactive storage
form of free SA (Shulaevet al. 1997; Kawano et al. 1998). Forouhar et al. (2005) have reported a
successful demonstration that SA-binding protein isolated from tobacco, designated as SABP2 (SA-
binding protein 2) has strong esterase activity with MeSA as substrate. Therefore, release of free SA from
MeSA by SABP2 contributed to rapid SA increase in the systemic tissues of TMV-infected tobacco plants
for SAR development (Park et al. 2007). In this study, we describe the identification of PvMEST from
common bean based on homology with SABP2 and demonstrate that it shares similar biochemical
properties with its orthologs from tobacco, Arabidopsis and potato. Expression of PvMEST, in the same
way was induced by pathogen infection and repressed by SA, the PvMEST transcript product exhibits
esterase activity toward MeSA, and this activity is feedback inhibited by SA (Fig. 1). This suggesed that
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PvMES1 could perform a similar defense function as SABP2 in the SA-mediated defense pathway in
common bean. Furthermore, the overexpression of PvMEST led to increased Fop resistance and PvMEST-
silenced plants enhanced the susceptibility and compromised SAR dramatically (Fig. 2). We combined
PvMEST regulation and pathogen infection assays to reveal that SA-responsive genes and pathogen
induced genes in common beans by RNA-seq, and it indicated that PvMES1 plays a pivotal role in plant
resistance to the Fusarium wilt pathogen (Fig. 3,4). Through increasing SA levels, PvMES1 regulates the
expression of genes from the pathway of phenylpropanoid biosynthesis, sugar metabolism, SA signaling
and interaction between Fop and common bean.

Phenylpropanoids are the important and necessary precursors of numerous structural polymers and
defense compounds (such as phytoalexins and lignin) in plants, and thus serve as the core mediators of
crosstalk between developmental and defense-related pathways (Alessandra et al. 2010). The genes
identified by RNA-seq in this study focused on the main branches of the phenylpropanoid pathway with
an emphasis on the synthesis and deposition of lignin, and also leading to the synthesis of flavonoid and
cinnamaldehyde (Fig. 5).

Previous studies have demonstrated that the phenylpropanoid pathway leading to lignin synthesis and
deposition from the oxidative coupling of three monolignols named p-hydroxyphenyl, guaiacyl and
syringyl as a physical barrier is activated because lignification and reinforcement of cell walls are
important processes in plants during fungal penetration (Smit and Dubery 1997; Bhuiyan et al. 2009;
Naoumkina et al. 2010). Particularly, the lignins has been reported to play critical roles in the responses to
F. oxysporum in flax with the enhancement of MeSA level (Aleksandra et al. 2017). Some of pathogen
defense-related indices measured in this study, such as PAL and POD, belonged to enzymes involved in
the core and entrypathway of the phenylpropanoid pathway and biosynthesis of lignin (Marjamaa et al.
2009; Huang et al. 2010). In addition, phenylpropanoid pathway allows plants to produce various
secondary metabolites in defense response to infection including flavonoids (isoflavonoids in particular)
as phytoalexinsin the legume specise (Andersen and Markham 2006; Bednarek and Osbourn 2009;
Naoumkina et al. 2010) and the cinnamaldehyde which affected the morphogenesis and growth of the
pathogen fungus (Xing et al. 2014). Overall, it indicated that change of phenylpropanoid pathway
mediated by PvMEST will provide new insights into the control of Fusarium wilt and disease resistance
development in common beans.

Sugars act as a regulatory factor affecting almost all processes of growth and development in plants
(Wind et al. 2010; Stokes et al. 2013). It indicated that sugars constitute the primary substrate providing
energy and structural material for defense responses in plants, while they may also act as signal
molecules in activating PTIl and ET], interacting with the hormonal signaling network regulating the plant
immune system (Bolouri Moghaddam and Van den Eden 2012; Rolland et al. 2002). In most fungal
pathogen-plant systems, the high product level of sugar metabolism such as sucrose, glucose, fructose
etc. in plant tissues enhances plant resistance (Morkunas and Ratajczak 2014). Gupta et al. (2010)
demonstrated the enhanced expression of sugar cleaving enzymes led to an incompatible interaction
between chickpea and Fusarium oxysporum f.sp ciceri suggesting a vital role of sugars in defense
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against Fusarium wilt. It has also been reported that sucrose, glucose and fructose can play an important
role in resistance to fungal pathogens through stimulation of phenylpropanoid metabolism (Forlani 2010;
Morkunas et al. 2011; Gibertia et al. 2012).

Sucrose also functions as a signaling molecule (Wind et al. 2010). Sucrose responsive element is
reported to influence the expression of WRKY transcription factor during defense (Sun et al. 2003).
Sucrose synthase is also related to cellulose synthesis, it can provide UDP-glucose as an essential
substrate for cell wall development (Fuijii et al. 2010). As well known, the cellulose and pectin are the
essential components made of plant cell wall, which constitutes the first barrier to microbial invasion and
processes associated with its reorganization are among the early events occurring in plant defense
(Albrecht et al. 2008). Trehalose is also a well-known disaccharide with signaling functions in plant
growth and development, as well as defense responses, and its derivativetrehalose 6-phosphate has a
dual function as a signal and homeostatic regulator of sucrose levels in plants (Paul et al. 2008; Delatte
et al. 2011). It has been shown to partially induce resistance against powdery mildew (B/lumeriagraminis
f. sp. tritici) in wheat by the activation of phenylalanine ammonia-lyase and peroxidase genes (Reignault
et al. 2001; Muchembled et al. 2006). However, sugar production alone is insufficient to control signal
transduction. This role is performed by the sugar transporters. It revealed that control of sugar uptake,
managed by regulation of a host sugar transporter, is a defense strategy deployed against microbial
infection in Arabidopsis (Yamada et al. 2016).

Before our study, not much information existed on the expression of these sugar molecules and
transportersin common beans especially as related to disease infection. Our study demonstrated that
sugars helped in generating alarm signals and efficiently transmitted them throughout with the aid of
sugar transporters and played the key role in the cellulose and pectin synthesis. Therefore, the activation
of SAinducible genes in the metabolism and transport of sugar molecules enhanced the defense
signaling and the cell wall reinforcement in response to Fop infection in common bean (Fig. 6; Fig. 9f;
Figure S8).

Phytohormones such as abscisic acid, jasmonic acid, ethylene, salicylic acid, auxin, gibberellin,
cytokinein, and brassinosteroids appeared to play other critical roles in the complex signalling cascades
and were integrated into current models of defence responses (Bari and Jones 2009). Xue et al. (2014)
has reported that SA applied to foliar tissue is capable of enhancing the systemic acquired resistance of
common bean roots to infection by Fop through the induction of endogenous free SA accumulation. In
this study, SA response factors TGA and PR-1 were induced by PvMEST activation following the
endogenous SA accumulation (Fig. 7). Otherwise, the use of mutants and transgenic plants of
Arabidopsis indicated that SA was involved in the sugar dependent activation of these PR protein-coding
genes (Thibaud et al. 2004).

For auxin signaling, the previous study indicated that overexpression of GH3.5 conferred enhanced SA
accumulation, pathogen resistance, and defense gene expression (Park et al. 2007; Zhang et al. 2007;
Westfall et al. 2016). Similar with GH3.5 from subfamily 0, mutations in GH3.72 as a member from
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subfamily [, also reduced SA accumulation and pathogen resistance in Arabidopsis, that indicated
GH3.12likely acts upstream of SA in defense signaling (Lee et al. 2007; Nobuta et al. 2007). However we
saw no role for these transcription factors.

To date, a variety of possible receptors and corresponding signaling mechanisms has been proposed for
the modes of SA signal transduction in plants. Du et al. (2009) observed that binding of Ca?*/CaM to the
Arabidopsis transcription factor SR1 repressed expression of EDS1 and suppressed SA accumulation and
defense. In addition, Chen et al. (1993) have proposed the involvement of ROS as key signals that relay
SA signals in plants. An oxidative burst through £ oxysporum infection led to ROS overproduction in the
in vitro cultured embryo axes of yellow lupin, and the processes are much more intensive when treated
with exogenous sucrose, the defense signaling molecule shown above (Morkunas et al. 2013). These
studies opened the door for SA studies regarding calcium signaling and oxidative bursts. In this study, it
indicated that resistance enhancement in common bean to Fop through suppressing calcium-mediated
signaling and activating ROS accumulation as mediators by SA induction (Fig. 8).

In summary, PvMES1 plays a pivotal role in regulating the SA inducible resistance to Fusarium wilt in
common bean (Fig. 10). The pathway of phenylpropanoid synthesis and sugar metabolism regulated by
PvMES1 are demonstrated to be important for the enhancement of defense response. SA and other
elements as key signals derived from the phenylpropanoid synthesis, sugar metabolismand interaction
activated the resistance pathway based on the signaling transduction, transcription factors, defense
metabolism in common bean towards Fusarium wilt (Fig. 9c-e). The current understanding of the
interactions between SA signaling and plant pathogen attack mainly comes from studies in Arabidopsis
and tomato, and different resistance mechanisms provide an angle to understand the infection process
and the defense response of F. oxysporumin the root systerm of common beans. Collectively, our study
provides insights into the roles of SA in regulating defense responses, indicating a central role for
PvMEST in common bean against Fop. The significant practical applications for engineering disease
resistance and support to the broad-spectrum resistance in common bean by manipulating SA levels and
thereby increasing SAR development remains to be discussed.

Declarations

Acknowledgements

The authors would like to thank National Crop Germplasm GenBank-CAAS for seeds of common beans.
This work was supported by the National Natural Science Foundation of China (Grant No. 31972962 and
31401447), the China Agriculture Research System (Grant No. CARS-08), the Liaoning Academy of
Agricultural Sciences (LAAS) and the Evans Allen grant (TENX-07) from the United States Department of
Agriculture (USDA). This article is protected by copyright with all rights reserved.

Author contributions statement

Page 15/22



Renfeng Xue and Matthew W. Blair planned the research. Renfeng Xue, Ming Feng and Jian Chen
performed most of the important experiments. Renfeng Xue analyzed the sequencing data. Ming Feng
and Renfeng Xue generated the constructs and treated plants. Matthew W. Blair provided some vectors
and Weide Ge grew the plants. Ming Feng and Jian Chen contributed to analyze the testing data. Renfeng
Xue and Matthew W. Blair wrote the article.

Availability of data and material

Data supporting the current study can be obtained by contacting the corresponding author
(xuerf82@hotmail.com).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of interest.

References

Albrecht U, Bowman KD (2008) Gene expression in Citrus sinensis (L) Osbeck following infection with the
bacterial pathogen Candidatus Liberibacter asiaticus causing Huanglongbing in Florida. Plant Sci 175(3):
291-306

Alessandra L, Luca P, Adriano M (2010) Differential gene expression in kernels and silks of maize lines
with contrasting levels of ear rot resistance after Fusarium verticillioides infection. J Plant Physiol 167:
1398-1406

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment search tool. J Mol Biol
215:403-410

Anders S, Huber W (2010) Differential expression analysis for sequence count data. Genome Biol 11:
R106

Andersen QM, Markham KR (2006) Flavonoids. Chemistry, biochemistry and applications. CRC
Press/Taylor & Francis Group/LLC CRC Press. Boca Raton/London/New York.

Antoniw JF, White RF (1980) The effects of aspirin and polyacrylic acid on soluble leaf proteins and
resistance to virus infection in five cultivars of tobacco. J Phytopathol 98(4):331-341

Apweiler R, Bairoch A, Wu CH, Barker WC, Boeckmann B, Ferro S, Gasteiger E, Huang HZ, Lopez R,
Magrane M, Martin MJ, Natale DA, O'Donovan C, Redaschi N, Yeh LSL (2004) UniProt: the universal
protein knowledgebase. Nucleic Acids Res 32: D115-D119

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis AP, Dolinski K, Dwight SS, Eppig
JT, Harris MA, Hill DR, Issel-Tarver L, Kasarskis A, Lewis S, Matese JC, Richardson JE, Ringwald M, Rubin
GM, Sherlock G (2000) Gene ontology: tool for the unification of biology. Nat Genet. 25: 25-29

Page 16/22



Assis JS, Maldonado R, Muoz T, Escribano MI, Merodio C (2001). Effect of high carbon dioxide
concentration on PAL activity and phenolic contents in ripening cherimoya fruit. Postharvest Biol Technol
23:33-39

Bari R, Jones JD (2009) Role of plant hormones in plant defence responses. Plant Mol Biol 69(4): 473-
488

Bednarek P, Osbourn A (2009) Plant—microbe interactions: chemical diversity in plant defense. Science
324:746-748

Bhuiyan NH, Selvaraj G, Wei YD, King J (2009) Role of lignification in plant defense. Plant Signal Behav 4:
158-159

Blair MW, Izquierdo P, Astudillo C, Grusak MA (2012) A legume biofortification quandary: variability and
genetic control of seed coat micronutrient accumulation in common beans. Front Plant Sci 4: 1013-1017

Blair MW, Wu J, Wang S (2016) Editorial: Food legume diversity and legume research policies. Crop
Journal 4(5): 339-343

Bolouri Moghaddam MR, Van den Eden W (2012) Sugars and plant innate immunity. J Exp Bot 63(11):
3989-3998

Buruchara R, Camacho L (2000) Common bean reaction to Fusarium oxysporum f. sp. phaseoli, the
cause of severe vascular wilt in Central Africa. J Phytopathol 148: 39-45

Chen Z, Silva H, Klessig DF (1993) Active oxygen species in the induction of plant systemic acquired
resistance by salicylic acid. Science 262(5141): 1883-1886

Chen JB, Wang SM, Jing RL, Mao XG (2009) Cloning the PvP5CS gene from common bean (Phaseolus
vulgaris) and its expression patterns under abiotic stresses. J Plant Physiol 166: 12-19

Delatte TL, Sedijani B, Kondou Y, Matsui M, de Jong GJ, Somsen GW, Wiese-Klingenberg A, Primavesi LF,
Paul MJ, Schluepmann H (2011) Growth arrest by trehalose-6-phosphate: an astonishing case of primary
metabolite control over growth by way of the SnRK1 signaling pathway. Plant Physiol 157: 160-174

Dempsey DA, Klessig DF (2012) SOS—-too many signals for systemic acquired resistance? Trends Plant
Sci 17: 538—-545

Deng YY, Li JQ, Wu SF, Zhu YR, Chen YW, He FC (2006) Integrated nr database in protein annotation
system and its localization. Comput Eng 32: 71-74

Diaz-Camino C, Annamalai P Sanchez F, Kachroo A, Ghabrial SA (2011) An effective virus-based gene
silencing method for functional genomics studies in common bean. Plant Methods 7, 16. doi:
10.1186/1746-4811-7-16.

Page 17/22



Ding PT, Ding YL (2020) Stories of salicylic acid: aplant defense hormone. Trends Plant Sci 25(6): 549-
565

Do HM, Hong JK, Jung HW, Kim SH, Ham JH, Hwang BK (2003) Expression of peroxidase like genes,
H,0, production, and peroxidase activity during the hypersensitive response to Xanthomonas campestris
pv. vesicatoria in Capsicum annuum. Mol Plant Microbe In 16: 196—-205

Du L, Ali GS, Simons KA, Hou J, Yang T, Reddy ASN, Poovaiah BW (2009) Ca?* /calmodulin regulates
salicylic-acid-mediated plant immunity. Nature 457(7233): 1154-1158

Fichtner F, Lunn JE (2021) Therole of trehalose 6-Phosphate (Tre6P) in plant metabolism and
development. Annu Rev Plant Biol 72, https://doi.org/10.1146/annurev-arplant-050718-095929

Forlani G (2010) Differential in vitro responses of rice cultivars to Italian lineages of the blast pathogen
Pyricularia grisea. 2. aromatic biosynthesis. J Plant Physiol 167, 928—-932

Forouhar F, Yang Y, Kumar D, Chen Y, Fridman E, Park SW, Chiang Y, Acton TB, Montelione GT,
Pichersky E, Klessig DF, Tong L (2005) Structural and biochemical studies identify tobacco SABP2 as a
methyl salicylate esterase and implicate it in plant innate immunity. Proc Natl Acad Sci USA 102(5):
1773-1778

Fredeen AL, Rao IM, Terry N (1989) Influence of phosphorus nutrition on growth and carbon partitioning
in Glycine max. Plant Physiol 89: 225-230

Fu ZQ, Dong X (2013) Systemic acquired resistance: turning local infection into global defense. Annu Rev
Plant Biol 64: 839-863

Fujii S, Hayashi T, Mizuno K (2010) Sucrose synthase is an integral component of the cellulose synthesis
machinery. Plant Cell Physiol 51(2): 294-330

Gibertia S, Berteab CM, Narayanab R, Maffeib ME, Forlani G (2012) Two phenylalanine ammonia lyase
isoforms are involved in the elicitor-induced response of rice to the fungal pathogen Magnaporthe oryzae.
J Plant Physiol 169: 249-254

Gupta S, Chakraborti D, Sengupta A, Basu D, Das S (2010) Primary metabolism of chickpea is the initial
target of wound inducing early sensed Fusarium oxysporumf. sp. ciceriracel. Plos One 5(2), €9030.
doi:10.1371/journal.pone.0009030

Huang J, Gu M, Lai Z, Fan B, Shi K, Zhou YH, Yu JQ, Chen Z (2010) Functional analysis of the Arabidopsis
PAL gene family in plant growth, development, and response to environmental stress. Plant Physiol 153:
1526-1538

Kanehisa M, Goto S, Kawashima S, Okuno Y, Hattori M (2004) The KEGG resource for deciphering the
genome. Nucleic Acids Res 32, D277-D280

Page 18/22



Kawano T, Sahashi N, Takahashi K, Uozumi N, Muto S (1998) Salicylic acid induces extracellular
superoxide generation followed by an increase incytosolic calcium ion in tobacco suspension culture: the
earliest events in salicylic acid signal transduction. Plant Cell Physiol 39, 721-730

Klessig DF, Choi HW,Dempsey DA (2018) Systemic acquired resistance and salicylic acid: past, present,
and future. Mol Plant-Microbe Interact 31: 871-888

Koo YJ, Kim MA, Kim EH, Song JT, Jung C, Moon JK, Kim JH, Seo HS, Song SI, Kim JK, Lee JS, Cheong
JJ, Choi YD (2007) Overexpression of salicylic acid carboxyl methyltransferase reduces salicylic acid-
mediated pathogen resistance in Arabidopsis thaliana. Plant Mol Biol 64: 1-15

Kumar D, Gustafsson C, Klessig DF (2006) Validation of RNAI silencing specificity using synthetic genes:
Salicylic acid-binding protein 2 is required for innate immunity in plants. Plant J 45: 863—-868

Kumar D, Klessig DF (2003) High-affinity salicylic acid-binding protein 2 is required for plant innate
immunity and has salicylic acid-stimulated lipase activity. P Natl Acad Sci USA 100: 16101-16106

Lebeis SL, Paredes SH, Lundberg DS, Breakfield N, Gehring J, McDonald M, Malfatti S, del Rio TG, Jones
CD, Tringe SG, Dangl JL (2015) Plant microbiome. Salicylic acid mod ulates colonization of the root
microbiome by specific bacterial taxa. Science 349: 860-864

Lee MW, Lu H, Jung HW, Greenberg JT (2007) A key role for the Arabidopsis WIN3 protein in disease
resistance triggered by Pseudomonas syringae that secrete AvrRpt2. Mol Plant Microbe In 20: 1192-1200

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using Real-time quantitative
PCR and the 2"24CT method. Methods 25: 402-408

Manosalva PM, Park SW, Forouhar F, Tong L, Fry WE, Klessig DF (2010) Methyl esterase 1 (StMEST) is
required for systemic acquired resistance in potato. Mol Plant Microbe In 23: 1151-1163

Marjamaa K, Kukkola EM, Fagerstedt KV (2009) The role of xylem class Ill peroxidases in lignification. J
Exp Bot 60: 367-376

Morkunas |, Formela M, Floryszak-Wieczorek J, Marczak t, Narozna D, Nowak W, Bednarski W (2013)
Cross-talk interactions of exogenous nitric oxide and sucrose modulates phenylpropanoid metabolism in
yellow lupine embryo axes infected with Fusarium oxysporum. Plant Sci 211: 102-121

Morkunas I, Marczak L, Stachowiak J, Stobiecki M (2005) Sucrose-induced lupine defense against
Fusarium oxysporum: Sucrose-stimulated accumulation of isoflavonoids as a defense response of lupine
to Fusarium oxysporum. Plant Physiol Bioch 43(4): 363-373

Morkunas I, Narozna D, Nowak W, Samardakiewicz W, Remlein-Starosta D (2011) Cross-talk interactions
of sucrose and Fusarium oxysporum in the phenylpropanoid pathway and the accumulation and
localization of flavonoids in embryo axes of yellow lupine. J Plant Physiol 168: 424-433

Page 19/22



Morkunas |, Ratajczak L (2014) The role of sugar signaling in plant defense responses against fungal
pathogens. Acta Physiol Plant 36(7): 1607-1619

Muchembled J, Lounés-HadjSahraoui A, Grandmougin-Ferjani A, Sancholle M (2006) Changes in lipid
composition of Blumeria graminis f. sp. tritici conidia produced on wheat leaves treated with heptanoyl
salicylic acid. Phytochemistry 67: 1104-1109

Naoumkina MA, Zhao Q, Gallego-Giraldo L, Dai X, Zhao PX, Dixon RA (2010) Genome-wide analysis of
phenylpropanoid defence pathways. Mol Plant Pathol 11: 829-846

Nobuta K, Okrent RA, Stoutemyer M, Rodibaugh N, Kempema L, Wildermuth MC, Innes RW (2007) The
GHj; acyl adenylase family member PBS3 regulates salicylic acid-dependent defense responses in

Arabidopsis. Plant Physiol 144(2): 1144-1156

Park SW, Kaimoyo E, Kumar D, Mosher S, Klessig DF (2007) Methyl salicylate is a critical mobile signal
for plant systemic acquired resistance. Science 318: 113-116

Park JE, Park JY, Kim YS, Staswick PE, Jeon J, Yun J, Kim SY, Kim J, Lee YH, Park CM (2007) GH5-

mediated auxin homeostasis links growth regulation with stress adaptation response in Arabidopsis. J
Biol Chem 282(13): 10036—10046

Paul MJ, Primavesi LF, Jhurreea D, Zhang Y (2008) Trehalose metabolism and signaling. Annu Rev Plant
Biol 59: 417-441

Reignault P Cojan A, Muchembled J, Sahouri AL, Durand R, Sancholle M (2001) Trehalose induces
resistance to powdery mildew in wheat. New Phytol 149: 519-529

Rolland F, Moore B, Sheen J (2002) Sugar sensing and signaling in plants. Plant Cell 14: 185-205

Sagisaka S. (1976) The occurrence of peroxide in a perennial plant, Populusgelrica. Plant Physiol 57:
308-309

Schwartz HF, Hall R (2005) Compendium of Bean Diseases. St. Paul: American Phytopathological Society
Press.

Shulaev V, Silverman P, Raskin 1 (1997) Airborne signalling by methyl salicylate in plant pathogen
resistance. Nature 385: 718-721

Smit F, Dubery LA (1997) Cell wall reinforcement in cotton hypocotyls in response to a Verticillium dahliae
elicitor. Phytochemistry 44: 811-815

Stokes ME, Chattopadhyay A, Wilkins O, Nambara E, Campbell MM (2013) Interplay between sucrose and
folate modulates auxin signaling in Arabidopsis. Plant Physiol 162: 1552-1565

Page 20/22



Suarez-Martinez SE, Ferriz-Martinez RA, Campos-Vega R, Elton-Puente JE, Carbot KDLT, Garcia-Gasca T
(2016) Bean seeds: leading nutraceutical source for human health. CyTA J. Food 14: 131-137

Sun C, Palmqvist S, Olsson H, Boren M, Ahlandsberg S, Jansson C (2003) A novel WRKY transcription
factor, SUSIBA2, participates in sugar signaling in barley by binding to the sugar-responsive elements of
the iso 1 promoter. Plant Cell 15: 2076—-12092

Syros T, Yupsanis T, Zafiriadis H, Economou A (2004) Activity and isoforms of peroxidases, lignin and
anatomy, during adventitious rooting in cuttings of Ebenus cretica L. J Plant Physiol 161: 69-77

Tatusov RL, Galperin MY, Natale DA (2000) The COG database: a tool for genome scale analysis of
protein functions and evolution. Nucleic Acids Res 28: 33-36

Thibaud MC, Gineste S, Nussaume L, Robaglia C (2004) Sucrose increases pathogenesis-related PR-2
gene expression in Arabidopsis thaliana through an SA-dependent but NPR1-independent signalling
pathway. Plant Physiol Biochem 42: 81-88

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, Pimentel H, Salzberg SL, Rinn JL, Pachter L
(2012) Differential gene and transcript expression analysis of RNA-Seq experiments with TopHat and
Cufflinks. Nat Protoc 7: 562-578

Varanasi AV, Talati JG (2014) Effect of exogenous salicylic acid on plant defense mechanism in chickpea
(Cicer arietinum L.) against infection of Meloidogyne incognita. Indian J Agr Biochem 27(1): 52-59

Velioglu YS, Mazza G, Gao L, Oomah BD (1998) Antioxidant activity and total phenolics in selected fruits,
vegetables, and grain products. J Agric Food Chem 46: 4113-4117

Verberne MC, Verpoorte R, Bol JF, Mercado-Blanco J, Linthorst HIM (2000) Overproduction of salicylic
acid in plants by bacterial transgenes enhances pathogen resistance. Nat Biotech 18: 779-783

Vernooij B, Friedrich L, Morse A, Reist R, Kolditz-Jawhar R, Ward E, Uknes S, Kessmann H, Ryals J (1994)
Salicylic acid is not the translocated signal responsible for inducing systemic acquired resistance but is
required in signal transduction. Plant Cell 6: 959-965

Vlot AC, Dempsey DA, Klessig DF (2009) Salicylic acid, a multifaceted hormoneto combat disease. Annu
Rev Phytopathol 47: 177-206

Viot AC, Liu PP, Cameron RK, Park SW, Yang Y, Kumar D, Zhou F, Padukkavidana T, Gustafsson C,
Pichersky E, Klessig DF (2008) Identification of likely orthologs of tobacco salicylic acid-binding protein 2
and their role in systemic acquired resistance in Arabidopsis thaliana. Plant J 56: 445-456

Westfall CS, Sherp AM, Zubieta C, Alvarez S, Schraft E, Marcellin R, Ramirez L, Jez JM (2016) Arabidopsis
thaliana GH3.5 acyl acid amidosynthetase mediates metabolic crosstalk in auxin and salicylic acid
homeostasis. P Natl Acad Sci USA 113(48): 13917-13922

Page 21/22



White RF (1979) Acetylsalicylic acid induces resistance to tobacco mosaic virus in tobacco. Virology 99:
410-412

Wind J, Smeekens S, Hanson J (2010) Sucrose: metabolite and signaling molecule. Phytochemistry 71:
1610-1614

Xing F, Hua H, Selvaraj JN, Zhao Y, Zhou L, Liu X, Liu Y (2014) Growth inhibition and morphological
alterations of Fusarium verticillioides by cinnamon oil and cinnamaldehyde. Food Control 46: 343-350

Xue RF, Wu J, Wang LF, Blair MW, Wang XM, Ge WD, Wang SM (2014) Salicylic acid enhances resistance
to Fusarium oxysporum f. sp. phaseoliin common beans (Phaseolus vulgaris L.). J Plant Growth Regul
33:470-476

Xue RF, Wu J, Zhu ZD, Wang LF, Wang XM, Wang SM, Blair MW (2015) Differentially expressed genes in
resistant and susceptible common bean (Phaseolus vulgaris L.) genotypes in response to Fusarium
oxysporum f. sp. phaseoli. Plos One 10(6): e0127698

Xue RF, Wu XB, Wang YJ, Zhuang Y, Chen J, Wu J, Ge WD, Wang LF, Wang SM, Blair MW (2017) Hairy root
transgene expression analysis of a secretory peroxidase (PvPOXT7) from common bean infected by
Fusarium wilt. Plant Sci 260: 1-7

Xue RF, Wang L, Feng M and Ge WD (2018) Identification and expression analysis of likely orthologs of
tobacco salicylic acid binding protein 2 in common beans. Acta Agronomica Sinica 44(5): 642-649

Yamada K, Saijo Y, Nakagami H, Takano Y (2016) Regulation of sugar transporter activity for
antibacterial defense in Arabidopsis. Science 354(6318): 1427-1430

Zhang H, Gao X, Zhi Y, Li X, Zhang Q, Niu J, Wang J, Zhai H, Zhao N, Li J, Liu Q, He S (2019). A non-
tandem CCCH-type zinc finger protein, IbC3H18, functions as a nuclear transcriptional activator and
enhances abiotic stress tolerance in sweet potato. New Phytol 223: 1918 —-1936

Zhang Z, Li Q, Li Z, Staswick PE, Wang M, Zhu Y, He Z (2007) Dual regulation role of GH3.5 in salicylic
acid and auxinsignaling during Arabidopsis-Pseudomonas syringae interaction. Plant Physiol 145(2):
450-464

Zhang Y, Li X (2019) Salicylic acid: biosynthesis, perception, and contributions to plant immunity. Curr
Opin Plant Biol 50: 29-36

Zhou JM, Zhang Y (2020) Plant Immunity: Danger perception and signaling. Cell 181: 978-989

Page 22/22



	A Methyl Esterase 1 (PvMES1) Promotes the Salicylic Acid Pathway and Enhances Fusarium Wilt Resistance in Common Beans
	Recommended Citation

	tmp.1629840171.pdf.zBNbO

